Fusion, fission, and quasi-fission processes in heavy nuclear system are studied. A careful analysis of the whole body of available experimental data on the fusion and fission of the nuclei of 286 112, 292 114 and 296 116 produced in the reactions 48 Ca+ 238 U, 48 Ca+ 244 Pu and 48 Ca+ 248 Cm as well as experimental data on the survival probability in evaporation channels of 3 and 4 neutron emission enables the quite reliable conclusion that the fission barriers of those nuclei are really quite high, which results in their relatively high stability. The lower limits that we have obtained for the fission barrier heights of 283−286 112, 288−292 114 and 292−296 116 nuclei are 5.5, 6.7 and 6.4 MeV. From analysis of derived multi-dimensional fusionfission driving potential it was found that in fission process a low excited heavy nucleus on its way from the ground state to the scission point passes trough the optimal configurations with minimal potential energies (shape isomer states), which are nothing else but the two-cluster configurations with magic (closed shell) cores.
Introduction
The fission barrier is a fundamental characteristic of heavy atomic nuclei. A lot of heavy nuclei mainly decay by spontaneous fission, and it is the fission barriers that are responsible for the lifetimes of those nuclei. On the other hand, a probability of the superheavy nucleus formation in heavy ion fusion reaction is also connected directly with the height of its fission barrier. The fission barrier depends on the way in which the intrinsic energy of the nucleus changes as its shape varies. The intrinsic energy of the nucleus undergoes a significant change as its spherically symmetrical configuration turns into a strongly deformed configuration of two nuclei in contact at the scission point. It can be separated into two parts: a macroscopic (collective) component, which is a measure of an averaged change in the Coulomb and nuclear energy 1, 2, 3 , and a microscopic component, which is a function of a change in the shell structure of the deformed nuclear system 4, 5 . The macroscopic component of the fission barrier (commonly calculated within the framework of the Liquid Drop Model) declines rapidly with the increasing atomic number due to the Coulomb energy increasing in importance (proportional to Z 2 /A 1/3 ) as compared to the surface energy (proportional to A 2/3 ). For Z > 105, the simple Liquid Drop Model predicts fission barriers of less than 1 MeV, which suggests that the fission properties and existence itself of those nuclei mainly depend on shell effects. Determining the heights of fission barriers is a challenging experimental problem. Only for sufficiently long-lived isotopes, which can be used as target material, can the fission barriers be reliably deduced from measured excitation functions of such reactions as (n, f ), (d, pf ) etc. For nuclei with Z > 100 such measurements are not possible.
Calculating the fission barrier for the atomic nucleus (mainly its microscopic component) is also a very complicated problem faced with the necessity of solving a many-body quantum problem. The exact solution to that problem is currently unobtainable, and the accuracy of the approximations in use is rather difficult to estimate. As a result, the fission barriers for superheavy nuclei calculated within the framework of different approaches differ greatly (Fig. 1 ). Yet, in spite of the quantitative distinctions, many models predict that shell effects should grow sharply in the region of nuclei with Z ∼ 114 and N ∼ 180, whose fission barriers are in fact devoid of a macroscopic component. Any experimental information on the fission properties of those nuclei seems to be highly valuable.
An important property of the fission barrier is that it has a pronounced effect on the survival probability of an excited nucleus in its cooling by emitting neutrons and γ-rays in competition with fission. It is this property that may be taken advantage of to make an estimate of the fission barrier of a superheavy nucleus if the fission barrier is impossible to measure directly. More sensitivity may be obtained if such competition is tested several times during evaporation cascade. For the experimental value of the survival probability of the superheavy nucleus to be deduced, it is necessary to measure the cross section of weakly excited compound nucleus production in the near-barrier fusion of heavy ions as well as the cross section for the yield of a heavy evaporation residue. It was experiments of this kind that were carried out at FLNR JINR recently as part of experiments on the production of nuclei with Z=112, 114 and 116 10, 11, 12 .
In Ref. 13 , the yield of fission fragments was measured for a number of near-barrier heavy ion fusion reactions, including the reactions 
Theoretical model
To analyse the available experimental data, we applied the approach formulated in Ref.
14,15,16 . The production cross section of a cold residual nucleus B, which is the product of neutron evaporation and γ emission from an excited compound nucleus C, formed in the fusion process of two heavy nuclei A 1 + A 2 → C → B + xn + Nγ at center-of mass energy E close to the Coulomb barrier in the entrance channel, can be decomposed over partial waves and written as
Here P cont (E, l) is the probability that the colliding nuclei will penetrate the entrance channel potential barrier and reach the contact point, which is normally 2-3 fm less than the radius of the Coulomb barrier. P CN defines the probability that the system will go from the configuration of two nuclei in contact into the configuration of a spherical (or near-spherical) compound mono-nucleus. When thus evolving, a heavy system is in principle likely to re-separate into two fragments without producing a compound nucleus (quasi-fission), so P CN ≤ 1. Finally, P xn defines the probability that the cold residue B will be produced in the decay of the compound nucleus C with the excitation energy E * . P cont (E, l) was calculated with consideration for the coupling between the relative motion of the nuclei and their surface oscillations (dynamic deformations) or rotation (for nonzero static deformation). Use was made of the semi-phenomenological barrier distribution function method. This allowed the capture cross section to be quite adequately described in the entire near-barrier energy region 14, 15 . The processes of the compound nucleus formation and quasi-fission are the least studied stages of heavy ion fusion reaction. In Ref.
14,16
a new approach was proposed for description of fusion-fission dynamics based on a semi-empirical version of the two-center shell model idea 17 .
It is assumed that on a way from the initial configuration of two touching nuclei to the compound nucleus configuration and on reverse way to the fission channels the nuclear system consists of two cores (Z 1 , N 1 ) and (Z 2 , N 2 ) surrounded with a certain number of common (shared) nucleons ∆A = A CN − A 1 − A 2 moving in the whole volume occupied by the two cores. The processes of compound nucleus formation, fission and quasifission take place in the space (Z 1 , N 1 , δ 1 ; Z 2 , N 2 , δ 2 ), where δ 1 and δ 2 are the dynamic deformations of the cores.The compound nucleus is finally formed when two fragments A 1 and A 2 go in its volume, i.e., at
CN . The corresponding driving potential V fus−fis (r, Z 1 , N 1 , δ 1 ; Z 2 , N 2 , δ 2 ) was derived in Ref.
14,16 and is shown in Fig. 2 as a function of Z 1 , Z 2 . There are several advantages of the proposed approach. The driving potential is derived basing on experimental binding energies of two cores, which means that the "true" shell structure is taken into account, see Fig. 2 . For the first time, the fusionfission driving potential is defined in the whole region R CN < r < ∞, it is a continuous function at r = R cont , and it gives the realistic Coulomb barrier at r = R B > R cont . At last, instead of using the variables (Z 1 , N 1 ; Z 2 , N 2 ), we may easily recalculate the driving potential as a function of mass asym-
2 ) (at r ≥ R cont , R 12 = r = s + R 1 + R 2 , where s is the distance between nuclear surfaces). These variables along with deformation δ 1 + δ 2 are commonly used for description of fission process. The corresponding driving potential is shown in Fig. 3 .
As can be seen from Fig. 2 and Fig. 3 , the shell structure, clearly revealing itself in the contact of two nuclei (Fig. 2a) , is also retained at ∆A = 0 (R 12 < R cont ), see the deep minima in the regions of Z 1,2 ∼ 50 and Z 1,2 ∼ 82 in Fig. 2b . Following the fission path (dotted curves in Fig. 2b and Fig. 3a ) the system overcomes a multi-humped fission barrier, which is well known in fission dynamics. The intermediate minima correspond to the shape isomer states. From our analysis we may definitely conclude that these isomeric states are nothing else but two-cluster configurations with magic or semi-magic cores (see Fig. 2b ). As regards the superheavy compound nucleus formation in the fusion reaction 48 Ca+ 248 Cm, one can see that after the contact, the nuclear system may easily decay into the quasi-fission channels (mainly asymmetric: Se+Pb, Kr+Hg and also near-symmetric: Sn+Dy, Te+Gd) -solid arrow lines in Fig. 2b and Fig. 3 . Only a small part of the incoming flux reaches a compound nucleus configuration (dashed arrow line). Experimental twodimensional total kinetic energy (TKE) mass plot for the 48 Ca+ 248 Cm fusion-fission reaction 13 is shown in Fig. 4 . The experimental data are quite understandable qualitatively in terms of multi-dimensional potential energy surface shown in Fig. 2 and Fig. 3 . Using the driving potential V fus−fis we may determine the probability of the compound nucleus formation P CN (A 1 + A 2 → C), being part of expression (1) for the cross section of the synthesis of super-heavy nuclei. It can be done, for example, by solving the master equation. The probability of the compound nucleus formation is determined as an integral of the distribution function over the region R 1 + R 2 ≤ R CN . Similarly one can define the probabilities of finding the system in different channels of quasi-fission, i.e., the charge and mass distribution of fission fragments. The survival probability of a cooling excited compound nucleus (calculated following a statistical model 18 ) was found to be very sensitive to the fission barrier height. Thus, having experimental data on the capture cross section σ capt (E) and the compound nucleus production cross section σ fus (E), the value of the fission barrier for this nucleus can be assessed by comparing the measured values of the cross section for the yield of a heavy evaporation residue with those calculated in (1). It was measurements of this kind that were carried out in 13, 10, 11, 12 .
Analysis of experimental data
After calculating the value of P cont in such a way as for the measured capture cross section to be reproduced and parametrising the compound nucleus production probability P CN in such a way as for σ exp fus to be reproduced (or calculating P CN as described above), fission barriers for the nuclei of the evaporation cascade were chosen in such a way as for the corresponding measured cross section of the yield of a heavy evaporation residue nucleus to be reproduced with the help of (1). The calculated results are shown in Fig. 5 reaction. Taking account of the fact that fission barriers vary not so much from nucleus to nucleus in an evaporation cascade as well as making the procedure for assessing them simpler, the same value B f was used for these nuclei. The typical sensitivity of the calculated production cross section for the evaporation residue to a change in the value of the fission barrier is shown in Fig. 5 . It is the fact that this sensitivity is high which allows one to expect the value of the fission barrier to be deduced to an accuracy of the order of ±0. 
